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ABSTRACT 


Heavy  ions  with  energies  between  1  and  9  keV  have  frequently 
been  detected  with  an  energetic  ion  mass  spectrometer  on  the  satel¬ 
lite  1969-25B  during  the  period  March  1969  to  August  1970.  Their 
identification  as  0  ions  of  ionospheric  origin  has  been  inferred 
from  a  comparison  with  the  more  complete  mass  measurements  with  an 
improved  spectrometer  on  the  satellite  1971-089A,  and  from  consid¬ 
erations  of  ionospheric  and  solar  wind  abundance  ratios.  Data  from 
nine  magnetic  storms  have  been  analyzed,  and  the  peak  response:; 
occurred  at  L  values  between  3.^  and  6.U,  and  at  magnetic  local 
times  between  21.8  and  U.5  hours.  A  maximum  flux  of  approximately 
0.1  erg/cm‘  -sec-sterad  was  observed  during  the  ?3-2h  March  1969 
storm. 
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13  ABSTRACT 


__  -  nils  was  a  research  program  to  investigate  the  properties  of  the  newly  iis- 

covered  fluxes  of  energetic  0+  ions  which  have  been  found  to  populate  the  magneto¬ 
sphere  during  magnetic  storms.  Measurements  on  these  ions  wer^  obtained  with  the 
ARPA  experiment  on  the  0V1-18  satellite,  and  the  data  from  that  experiment  were 
analyzed  under  this  contract.  During  this  program  we  surveyed  a  representative 
fraction  of  the  data  extending  over  the  entire  lB-m~>nth  lifetime  of  the  satellite 
and  identified  examples  of  0+  fluxes  during  a  number  of  magnetic  storms.  The  loca¬ 
tions  of  the  peak  intensities  of  the  heavy  ions  on  selected  parser  were  investigated 
as  a  function  of  invariant  latitude,  magnetic  local  time  and  pitch  angle.  Their 
occurrence  was  found  to  maximize  at  an  invariant  latitude  of  about  63  '  and  they  were 
spread  relatively  uniformly  over  magnetic  local  times  from  19  to  O 6  hours.  The  pitcl 
angles  at  which  the  peak  fluxes  were  observed  were  distributed  relatively  uniformly 
over  the  upper  hemisphere.  The  latitudinal  distribution  of  the  +  ior.s  with  respecl 
to  the  plasmapause  was  determined  on  seven  occasions  by  comparing  thc'  satellite  data 
with  ground-based  measurements  of  stable  auroral  red  arcs.  The  .ow-latitude  limit  ol 
the  0+  ions  was  found  to  be  about  one  L  »•  c  poleward  of  the  plasmapause.  The  spa¬ 
tial  relationship  between  the  0+  ions  and  simultaneous  satellite  measurements  of  the 
ambient  cold  plasma  and  energetic  particle  fluxes  were  investigated  in  detail  on  an 
orbit  during  the  24  March  1969  magnetic  storm.  Fho  most  intense  ‘  fluxes  wer~  founc 
to  be  located  equatorward  of  the  trapping  boundary  for  energeti  •  electrons  and  v  a 
steep  density  gradient  in  the  cold  plasma. 
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Report  Summary 

This  was  a  research  program  to  investigate  the  properties  of  the  newly 
discovered  fluxes  of  energetic  0+  ions  which  have  been  found  to  populate 
the  magnetosphere  during  magnetic  storms.  Measurements  on  these  ions  were 
obtained  with  the  ARPA  exper.ment  on  the  0V1-18  satellite,  and  data  from  that 
experiment  were  analyzed  under  this  contract. 

During  this  program  we  surveyed  a  representative  fraction  of  the  data 
extending  over  the  entire  l8-month  lifetime  of  the  satellite  and  identified 
examples  of  0+  fluxes  during  a  number  of  magnetic  storms. 

The  locations  of  the  peak  intensities  of  the  heavy  ions  on  selected 
passes  were  investigated  as  a  function  of  invariant  latitude,  magnetic  local 
time  and  pitch  angle.  Their  occurrence  was  found  to  maximize  at  an  invariant 
latitude  of  about  63°  and  they  were  spread  relatively  uniformly  over  magnetic 
local  times  from  19  to  06  hours.  The  pitch  angles  at  which  the  peak  fluxes 
were  observed  were  distributed  relatively  uniformly  over  the  upper  hemis- 
sphere . 

The  latitudinal  distribution  of  the  0+  ions  with  respect  to  the  plasma- 
pause  was  determined  on  seven  occasions  by  comparing  the  satellite  data  with 
ground-based  measurements  of  stable  auroral  red  arcs.  The  low  latitude 
limit  of  the  0+  ions  was  found  to  be  about  one  L  unit  poleward  of  the 
plasmapause.  The  spatial  relationship  between  the  0+  ions  and  simultaneous 
satellite  measurements  of  the  ambient  cold  plasma  and  energetic  particle 
fluxes  were  investigated  in  detail  on  an  orbit  during  the  2h  March  1969 
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magnetic  storm.  The  most  intense  0+  flaxes  were  found  to  be  located  equator- 
ward  of  the  trapping  boundary  for  energetic  electrons  and  on  a  steep  density 
gradient  in  the  cold  plasma. 

This  initial  survey  of  the  data  from  the  ARPA  energetic  ion  experiment 
on  0V1-18  has  revealed  that  there  is  much  new  and  significant  information  on 
the  interaction  between  the  magnetosphere  and  the  ionosphere  contained  within 
the  data.  The  0+  ions  are  most  likely  accelerated  by  some  ionospheric  process 
which  is  related  to  other  ionospheric  disturbance  phenomena  important  to 
communications  and  weapons  effects  studies.  The  presence  of  energetic  He+ 
ions  which  may  also  have  been  accelerated  from  the  cold  ionospheric  plasma 
was  recently  detected  in  this  body  of  data.  No  previous  measurements  of 
energetic  He+  have  been  reported  in  the  literature.  We  recommend  that 
further  analyses  on  the  morphology  of  the  0+  and  He+  fluxes  be  performed 
using  the  0V1-18  data  since  it  is  the  only  existing  data  near  the  solar  cycle 
maximum.  Also,  it  is  now  evident  that  the  energetic  oxygen  ions  occur  fre¬ 
quently  on  a  worldwide  scale  and  are  at  least  as  dynamic  as  the  ring  current 
protons.  Thus,  a  sizeable  data  base  will  be  required  to  thoroughly  understand 
this  important  geophysical  phenomena  which  is  not  accounted  for  by  any  of 
the  existing  theoretical  models  of  the  ionosphere  and  magnetosphere.  We  will 
submit  a  follow-on  proposal  for  further  work  on  the  0V1-18  data  which  wer* 
acquired  under  an  ARPA-funded  ionospheric  program. 

Statistical  Results  at  Positions  of  Peak  Intensities 


Satellite  data  from  11  magnetic  stomns  were  analyzed  and  the  position 
of  the  peak  0+  flux  intensity  on  l6  selected  satellites  passes  was  identified. 
The  L  value,  magnetic  local  time  (auroral  time)  and  pitch  angle  at  these 
times  were  calculated.  Table  I  summarizes  some  of  the  data  from  these  events. 
Figure  1  shows  the  distribution  in  L,AT  space  indicating  a  broad  maximum  near 
L  =  5  and  a  rather  uniform  distribution  in  auroral  time  over  the  nighttime 
sector.  Figure  2  shows  the  distribution  of  the  pitch  angles  at  which  the 
peak  fluxes  were  observed.  It  is  seen  that  they  are  distributed  relatively 
uniformly  over  the  upper  hemisphere  consistent  with  an  isotropic  pitch  angle 
distribution  except  for  the  loss  cone.  The  geophysical  significance  of  this 
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evidence  for  the  isotropy  of  the  angular  distributions  of  the  0+  ions  is 
discussed  in  more  detail  in  Appendix  A.  The  statistical  results  described 
above  were  reported  at  the  spring  meeting  of  the  American  Geophysical  Union 
(Sharp  et  al. ,  1973  )•  The  abstract  of  this  talk  is  included  as  Appendix  B 

Latitudinal  Variations 


The  spatial  relationships  between  the  O'  ions  and  various  other  geo¬ 
physical  phenomena  were  investigated  in  some  detail  on  one  orbit  during  the 
2k  March  19&9  magnetic  stcrm.  Comparisons  with  the  positions  of  stable 
auroral  red  arcs  were  obtained  on  seven  occasions  during  three  magnetic 
storms.  These  results  are  described  in  a  paper  prepared  for  submission  to 
the  Journal  of  Geophysical  Research  entitled  "Energetic  0+  Ions  in  the 
Magnetosphere"  by  R.  D.  Sharp,  R.  G.  Johnson,  E.  G.  Shelley  and  K.  K.  Harri 
which  is  included  as  Appendix  A. 


Sharp,  R.  D.,  R.  G.  Johnson,  and  E.  G.  Shelley,  "Observations  of 
Energetic  Heavy  Ions  Near  Solar  Maximum,"  Trans,  Am.  Geophys.  U.,  Bh , 
k32,  1973. 
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R,  D.  Sharp,  R.  G.  Johnson,  E.  G.  Shelley  and  K.  K.  Harris 
LOCKHEED  PAIK)  ALTO  RESEARCH  LABORATORY 
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ABSTRACT 

Observations  of  energetic  0+  ions  are  reported  on  seven  occasions 
during  three  magnetic  storms  in  1969.  The  data  were  acquired  from  an 
energetic  ion  mass  spectrometer  experiment  on  the  satellite  19^9 
Measurements  were  made  at  1,  3,  and  9  keV.  Data  from  an  orbit  on  March  2»4, 
1969  are  examined  in  some  detail.  The  0  fluxes  are  shown  to  exhibit  a 
similar  morphology  to  that  reported  by  Shelley  et  al.  l197?]  for  the  Dec¬ 
ember  17,  1971  storm.  The  latitude  distribution  of  the  0+  fluxes  is  com¬ 
pared  to  simultaneous  satellite  and  ground-based  measurements  of  other 
phenomena.  The  most  intense  0f  fluxes  were  found  to  be  located  equator- 
ward  of  the  high-latitude  boundary  of  locally  mirroring  energetic  electrons, 
and  poleward  of  a  stable  auroral  red  arc.  They  were  located  on  a  steep 
density  gradient  in  the  ambient  cold  plasma  at  the  satellite  altitude  of 
L80  km.  A  comparison  of  the  location  of  the  0+  fluxes  on  six  other  occa¬ 
sions  with  SAR-arc  observations  acquired  during  the  same  storms  indicates 
that  the  low-latitude  limit  of  the  0+  is  on  the  average  about  one  L  unit 
poleward  of  the  arc . 
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rNTROPUCTION 

Shelley  et  al.  [1972 J  reported  the  diccjvory  of  intense  fluxes  of  0+ 
ionr  with  energies  of  up  to  12  keV  during  the  December  17,  1 97 1  magnetic 
storm,  rhe  0*  ions  were  >bsorve  i  >v>'r  a  wide  range  of  1  it i tunes  (°.'i  L  ^  9) 
at  altitudes  near  800  km.  The  measurements  were  made  with  a  set  of  three 
energetic  ion  mass  spectrometers  on  the  satellite  19Y1-089A.  The  spectro¬ 
meters  each  consisted  of  a  Wien -type  velocity  filter  in  series  with  an 
electrostatic  analyzer  followed  by  a  channel -electron-mul tipi  ier  (see 
Figure  l)  providing  both  energy -per-unit-charge  and  mass-per-unit-charge 
information  on  the  measured  ^articles.  Identification  of  .he  observed 
heavy  ions  was  accomplished  at  nine  separate  energies  providing  unambiguous 
proof  of  the  existence  of  energetic  ions  with  mass  per  unit  charge  =  16  ±  2, 

with  the  uncertainty  determined  by  the  mass  dispersion  of  the  spectrometers. 

+  # 

Their  further  identification  as  0  ions  of  ionospheric  origin  was  inferred 
from  the  high  abundance  of  this  species  in  the  thermal  plasma  of  the  iono¬ 
sphere  over  a  wide  altitude  range  [Taylor,  1973]  and.  the  lack  of  other 
credible  hypothesis.  The  upper  left  panel  of  'Figure  2  taken  from  Shelley 
et  al.  t 19723  shows  a  composite  mass-per-unit-charge  spectrum  from  the 
1971-089A  data  containing  observations  of  1-keV  protons  and  0+  ions  aver¬ 
aged  over  different  periods  on  revolution  876  (Dec.  17,  1971). 

An  early  version  of  the  energetic  ion  mass  spectrometer  was  flown  on 
the  satellite  1969-25B  (GVl-18)  which  was  launched  on  March  18,  1969  into 
a  99r  inclination  orbit  with  apogee  at  590  km  and  perigee  at  U70  km.  The 
1969-25B  instrument  also  consisted  of  three  separate-  spectrometers  (referred 
to  in  the  following  as  CXA-1,  -2,  and  -3),  but  they  were  operated  at  fixed 


>- 


energies  per  unit  charge  of  1,  3  and  9  keV,  pr  aiding  more  United  spectral 
mf  rmation  than  the  1971 089A  instrument.  The  velocity  filters  each 
consisted  of  a  1.5-kilogavss  magnetic  field  crossed  with  an  electric  field 
whi^h  varied  over  a  linear  rnmp  of  3.86  seconds  duration,  unring  which  the 
ratemeter  on  each  channel  was  sampled  16  times.  The  ratemeter  tk-  constants 
were  approximately  0.2  seconds.  One  of  these  spectrometers  is  illustrated 
in  Figure  1.  The  mass  resolution  of  this  instrument  was  net  as  good  as  the 
1971-089A  spectrometer  and  because  of  bandwidth  limitations,  there  were  fewer 
points  available  on  the  mass-per-unit-charge  sweep.  Also,  the  sweep  did  not 
extend  over  as  wide  a  range.  This  is  illustrated  in  the  other  three  panels 
of  Figure  2  which  show  mass-per-unit-charge  spectrums  at  the  three  energies 
per  unit  charge  sampled  by  the  1969-25B  spectrometer.  The  data  were  acquired 
during  the  March  2k,  1969  magnetic  storm.  The  spectrums  all  show  protons  and 
a  rise  at  the  high  mass-per-unit  charge  end  of  the  Wien  filter  voltage  ramp 
which  we  now  identify  as  being  due  to  0+  ions  on  the  basis  of  the  more  definitiv 
data  from  1971-089A.  The  0+  ions  were  observed  on  many  occasions  over  the 
eighteen-month  lifetime  of  the  1969-25B  satellite,  generally  during  magnetic 
storms,  which  occurred  quite  frequently  during  this  active  period  near  solar 
maximum.  Because  the  mass-per-unit-charge  sweeps  of  the  three  channels  of 
the  1969-25B  instrument  did  not  extend  to  low  enough  values  to  go  over  the 
peak  of  the  mass  l6  response  functions,  their  mass  could  not  be  uniquely 
determined  from  that  data  alone.  Their  identification  is  made  now  on  the 
basis  of  their  morphological  similarity  to  the  storm  tine  0+  fluxes  observed 
in  the  more  recent  experiment.  These  similarities  will  be  described  below. 

The  1969-25E  data  are  a  valuable  supplement  to  the  1971-OS9A  results  despite 
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the  limitations  of  the  early  instrument  sinee  they  provide  confirmation 
of  the  existence  of  the  ions  with  an  experiment  on  a  different  satellite, 
in  a  different  altitude  range.  They  are  also  of  value  because  of  the  avail¬ 
ability  of  different  kinds  of  correlative  data  on  the  earlier  satellite  and 
of  published  results  from  ground-based  observatories  during  the  many  storms 
>f  the  more  active  1969  period  near  solar  maximum.  This  report  will  focus 
on  the  spatial  relationships  of  the  0  ions  to  other  energetic  parti'  les, 
to  thermal  plasma  density  gradients  measured  on  the  same  spacecraft,  and  to 
the  plasmapause  as  determined  by  grouna-based  observations  of  stable  auroral 
red  arcs  (SAR-arcs). 


MARCH  24,  1969  STORM 

As  indicated  above,  Figure  2  shows  the  mass-per-unit -charge  spec trams 
from  the  three  1969-25B  spectrometers  obtained  on  a  passage  over  the  north¬ 
ern  hemisphere  near  local  midnight  on  March  23/24,  1969  during  a  magnetic 
storm.  The  dotted  response  functions  illustrated  for  the  0  peaks  beyond 
the  range  of  measurements  were  inferred  from  the  known  H  response  func¬ 
tions  for  these  spectrometers  and  from  flight  data  from  the  1971 -O89A 
instrument  where  the  ramp  extended  over  the  entire  0+  peak.  The  times 
over  which  the  caia  are  summed  are  indicated  in  the  figures.  One  sees 
that  on  this  occ  isic  t  the  integral  0+  responses  in  ill  three  spectro¬ 
meters  were  comparanle  to  or  greater’  than  the  proton  rosp  )tises. 
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Figure  3  shows  the  latitudinal  distributions  of  several  of  the  various 
particle  species  measured  on  the  satellite  on  this  same  orbit.  Due  to  a 
malfunction  in  the  stabilization  system,  the  1969-2*; B  satellite  was  slowly 
tumbling  and  the  pitch  angles  sampled  by  the  various  detectors  are  listed 
along  the  bottom  of  the  figure.  UT,L  and  Auroral  Time  are  also  listed. 
(Auroral  time  is  a  magnetic  local  time  defined  with  respect  to  the  poles 
of  the  L  parameter.)  During  the  period  illustrated  from  0006  to  0012  UT 
the  satellite  longitude  varied  from  13°E  to  5°W  and  its  altitude  varied 
from  U90  to  U7U  km. 

In  the  top  two  panels  are  shown  the  absolute  fluxes  of  the  9-keV  0+ 
ions  and  protons  measured  with  the  CXA-3  spec trome ter.  Each  point  repre¬ 
sents  the  averaged  data  from  the  three  points  on  the  mass  sweep  closest  to 
the  peak  of  the  respective  ion.  Channel -electron-multiplier  efficiency 
values  were  taken  from  Burrows  et  al.  Ll968j  as  discussed  by  Shelley  et  al. 
L1972J. 

Several  of  the  morphological  similarities  to  the  0+  observatio-  s  of 
Shelley  et  a_.  [l972j  can  be  seen  in  this  figure.  As  in  the  1971  results, 
the  peak  0  flux  was  in  the  range  L  =  3  to  4  and  was  comparable  to  but 
somewhat  greater  than  the  proton  fluxes  of  the  same  energy.  The  1  +  fluxes 
were  spatially  overlapping  with  and  extended  equatorward  of  the  pioton  fluxes 
of  the  same  energies.  The  peak  integral  energy  flux  of  0+  ions  in  tie  range 
1-9  keV  observed  at  00:09:40  UT  is  estimated  to  be  approximately  0.1  erg/cnT - 
sec-sterad  (see  discussion  below  with  respect  to  Figure  4).  This  is  coj.  Darable 
to  the  peak  flux  of  0.4  ergs/cm  -sec-sterad  reported  by  Shelley  et  al.  L 1 >72 J . 
These  facts,  plus  the  association  of  the  intense  0+  fluxes  with  magnetic 
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storms  in  both  experiments  provides  what  we  feci  is  convincing  evidence 
that  we  are  observing  the  same  phenomena  on  both  satellites. 

In  the  third  panel  in  Figure  3  is  shown  the  response  of  a  simpie 
momentum  analyzer  called  a  CMP  (Channeltron-Magnetic  analyzer  -  Protons). 

It  consists  of  a  35-degr,‘3  bending  magnet  and  a  channel  electron  multiplier 
(channeltron) .  The  instrument  was  designed  to  measure  protons  with  a 
central  energy  of  5.8  keV.  It  has  an  energy  bandpass  (uE/k)  of  about  !. 

It  also  responds  to  0+  ions  of  the  same  momentum  as  the  protons  which  have 
l/l6  the  proton  energy.  Based  on  an  extrapolation  of  the  universal  effi¬ 
ciency  curve  of  Burrows  et  al.  [l967J,  the  channeltr^.i  efficiency  for  0 
ions  of  this  energy  is  down  by  about  a  factor  ul  six  from  the  efficiency 
for  5.8-keV  protons.  The  folding  of  these  efficiency  values  with  the  CMP 

response  function  yields  a  central  energy  of  0.45  keV  for  the  instrument 
+ 

functioning  as  an  0  detector.  The  CMP  has  a  field  of  view  of  approximately 

o  o 

±  7  .  It  is  oriented  at  an  angle  of  55  with  respect  to  the  CXA,  which  has 
a  field  of  view  of  ±  5  •  Far  the  period  of  interest,  the  pitch  angles  of 
the  particles  sampled  by  the  CMP  (r'ndicated  at  the  bottom  of  Figure  2)  are 
only  a  few  degrees  different  from  th^se  sampled  by  the  CXA.  In  comparing 
the  CMP  and  CXA  results  in  the  following  discussion  we  shall  neglect  possi¬ 
ble  angular  distribution  differences  over  this  range. 

T  the  period  00:07:00  to  00:09:10  secs  UT,  one  sees  that  the  CMP  response 
gene-  ly  tracks  the  proton  fluxes  in  its  energy  range  as  measured  by  CXA-3. 
This  is  consistent  with  CXA-1  results  (not  shown)  which  indicate  that  the 
softer  0+  ions  to  which  it  is  also  sensitive  are  near  background  level 
during  this  period.  In  the  period  beyond  00:09:10  secs  UT,  CXA-3  shows  a 
sharp  drop  of  the  energetic  proton  fluxes  to  background  level  while  the  0+ 
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ions  rise  to  their  peak  intensity.  The  CMP  shows  a  residual  response  in 
this  period  substantially  higher  than  would  be  expected  from  the  proton 
flux  alone  (compare  the  decrei  je  in  response  from  00:09:05  uo  00:09:20 
I'T  measured  in  the  CMP  and  the  proton  channels  of  CXA-3).  We  attribute 
this  residual  CMP  response  to  the  soft  0+  ions  which  are  also  enhanced  in 
this  period  as  indicated  by  the  CXA-1  data.  This  is  illustrated  in  Figure  4 
where  the  circles  show  the  fluxes  of  0+  ions  at  the  energies  sampled  by  the 
CXA's  averaged  over  the  interval  00:09:44  to  00:10:04.  This  spectrum  can  be 
compared  with  the  square  symbol  which  shows  the  flux  of  0.45-keV  0+  deter¬ 
mined  by  the  CMP  under  the  assumption  that  its  entire  response  in  this 
period  is  due  to  0+  ions.  One  sees  that  there  is  substantial  agreement 
on  the  0+  flux  intensity  at  the  low  energies,  as  measured  by  these  two 
types  of  instruments. 

As  has  been  indicated,  we  have  used  an  extrapolated  0+  efficiency  to 
compute  the  0.45-keV  0+  flux  from  the  CMP  data  and  this  introduces  a  sub¬ 
stantial  uncertainty  to  the  measurement.  The  1-keV  value  determined  from 
CXA-1  also  has  a  substantial  uncertainty  since,  as  seen  in  Figure  2,  the 
Wien  filter  ramp  extends  only  over  the  upper  portion  of  the  0+  response 
function.  We  feel  that  neither  of  these  measurements  con  be  considered 
accurate  to  better  than  about  a  factor  of  L.  The  fact  that  the  CMP  data 
agree  with  those  of  the  CXA  within  the  uncertainties  as  evidenced  on  Figure 
4  provides  important  confirmation  of  the  existence  of  the  energetic  heavy 
ions  with  a  completely  different  type  of  spectrometer. 

The  remaining  data  on  Figure  3  are  included  to  show  the  relationship 
of  the  0+  ions  to  other  energetic  particle  phenomena  measured  on  the  19&9- 
?5B  satellite.  The  CFP-C  is  a  threshold  detector  consisting  of  a  channel- 


-13- 


2 

electron -multiplier  behind  a  130-Hg/cm  nickel  foil  which  defines  the  energy 
threshold  at  26  keV  for  protons  (50$  sensitivity).  A  broom  magnet  is  utilized 
to  sweep  out  electrons.  The  instrument  will  also  respond  to  0+  ions,  but  they 
must  have  about  l6  times  the  energy  of  the  protons  in  order  to  penetrate  the 
foil  [Northcliffe  and  Schilling,  1970]  and  we  make  the  assumption  that  the 
instrument  response  is  primarily  due  to  protons.  One  sees  in  Figure  3  that 
these  energetic  protons  are  precipitating  in  the  same  general  latitudinal 
range  as  the  9-keV  0+  ions  and  extend  equatorward  of  the  0+  fluxes  down  to 
an  L  value  of  about  3.0. 

The  next  plot  shows  the  precipitating  auroral  electron  fluxes  in  the 
range  0.8  ^  E  ^  l6  keV.  These  measurements  were  made  with  a  set  of  four 
broad-band  magnetic  spectrometers  which  have  been  described  by  Paschmann 
et  al.  [l972].  The  soft  electrons  are  also  seen  to  be  precipitating  down 
to  quite  low  L  values  as  a  resvlt  of  the  intense  magnetic  storm. 

Frank  and  Gumett  Ll971J  have  shown  that  the  high-latitude  cutoff  of 
trapped  electrons  with  energies  greater  than  5  keV  is  an  important  magneto- 
spheric  boundary.  It  generally  coincides  with  a  reversal  in  the  direction 
of  the  measured  convection  electric  field  and  has  been  interpreted  by  these 
authors  as  the  boundary  between  open  and  cl  >sed  magnetic  field  lines. 

The  197>9-?,'l!  did  not  carry  a  hb-keV  'leigor  counter,  and  was  at  such 
low  altitudes  In  the  period  -if  Internet.  that  it  c->uld  not  sample  the  stably 
trapped  energetic  niter  belt  elect. r  -ns,  but  n  ime  Information  on  the  loca¬ 
tion  of  the  0  fluxes  relative  t  qua  it -trapped  electrons  in  this  energy 
ramp*  can  neverthc|en*  be  -btalhed,  in  tin-  1  -w>t  curve  on  Fij^ure  3  is 
pi  >ttnd  the  output  -if  n  -  Inti  Mat  r-pht "multiplier  detector  (TED-3)  which 
utilized  a  mylar  and  *»-ap  rat  w1  aluminum  f -II  t  1  net  ri  threshold  of  about 

_ 1  V 
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21  keV  (extrapolated  range)  for  electrons.  The  instrument  has  been  described 
by  Sharp  and  .Johnson  [1968J .  The  voltage  output  shown  is  approximately  loga¬ 
rithmically  related  to  the  integral  energy  flux  of  electrons  with  energies 

-U 

well  above  the  'Suold  energy.  The  sensitivity  threshold  was  aDout  10 
2 

ergs/cm  -sec-sterad  and  the  dynamic  range  corresponding  to  output  voltages 
from  l/2  to  5  volts  was  approximately  5  decades.  The  instrument  had  an 
angular  acceptance  of  ±  20°  and  reference  to  the  pitch  angle  tabulations  at 
the  bottom  of  the  figure  indicates  that  it  was  sampling  locally  mirroring 
electrons  in  the  L  range  above  about  3-0-  The  TED-3  also  responds  to  pro¬ 
tons  with  energies  greater  than  about  l/2  MeV.  However,  the  energetic 
particle  spectrometer  of  Imhof  et  al.  [l971J,  which  was  on  tnis  same  satel¬ 
lite,  measured  protons  with  E  >  1.4  MeV  and  its  response  indicated  that  the 
proton  fluxes  in  this  energy  range  were  sufficiently  ] ow  that  they  do  not 
affect  the  interpretation  of  the  >  21  keV  electron  boundary.  In  examining 
the  TED-3  data  shown  in  Figure  3-  however,  one  finds  that  this  electron 
boundary  is  somewhat  hard  to  define.  There  was  a  decrease  in  flux  of  about 
two  orders  of  magnitude  at  00:08:50  (L  =  4.0)  but  it  is  impossible  to  state 
whether  this  was  a  temporal  or  spatial  fluctuation.  Weak  fluxes  were  ob¬ 
served  as  far  poleward  at  L  =  5.5.  The  boundary  is  somewhere  within  this 
range. 

Some  supplementary  information  can  be  obtained  from  the  energetic  part- 
icle  spectrometer  mentioned  above.  This  was  a  wide  angle  detector  (±  50  / 
which  was  also  sampling  locally  mirroring  electrons  at  the  time  of  interest. 
The  lowest  energy  electron  channel  on  this  spectrometer  covered  the  range 
(350  *  E  £  460  keV)  for  electrons.  It  had  a  sensitivity  threshold  of  about 

p 

0.5  electrons/cm  '-sec-sterad-keV.  The  spectrometer  response  indicated  a 
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high-latitude  cutoff  at  approximately  the  position  shown  by  the  shading  in 
the  lower  part  of  Figure  3.  The  conclusion  that  one  can  draw  from  examining 
the  data  from  both  of  these  electron  experiments  is  that  the  region  of  the  most 
intense  C+  fluxes  on  this  occasion  was  located  equatorward  .>(  the  high-latitude 
boundary  of  locally  mirroring  energetic  electrons. 

Since  the  source  of  the  energetic  0  fluxes  is  most  likely  the  iono¬ 
sphere,  it  wculd  be  of  great  interest  to  compare  the  fluxes  with  simultaneous 
measurements  of  the  ambient  ionospheric  plasma.  A  retarding  potential 
analyser  (RPA)  was  included  in  the  1969-25B  payload  for  cold  plasma  meas¬ 
urements.  It  was  similar  in  design  to  instruments  described  in  earlier 
work  [Harris  et  al.,  1967,  1969,  1970J.  The  instrument  ted  a  dynamic  range 
of  four  decades  with  a  sensitivity  limit  corresponding  to  ion  densities  ->f 
2.0  x  1CT  ions/cm3.  The  RPA,  however,  is  a  direction-sensitive  device,  and 
requires  a  knowledge  of  the  angle  that  the  vehicle  velocity  vector  makes 
with  the  normal  to  the  plane  cf  the  entrance  aperture  of  the  instrument. 
Preflight  dynamical  analysis  indicated  that  stabilised  orientati  >n  of  the 
spacecraft  might  not  oe  achieved;  therefore,  four  separate  sensor  elements 
were  positioned  co-planar  with  the  roll-pitch  plane  of  the  vehicle.  One 
sensor  was  positioned  with  its  symmetry  axis  along  the  nominal  velocity 
direction.  Two  sensors  were  placed  with  their  viewing  directions  at  + 
and  -50n  with  the  nominal  velocity  direction  in  the  roll-pitch  plane.  The 
fourth  sensor  was  positioned  with  its  symmetry  axis  along  the  nominal  velocity 
direction  but  with  its  view  angle  looking  in  the  negative  direction  fr  m  the 
nominal  velocity  vector. 

Stabilization  of  the  spacecraft  was  indeed  not  achieved  and  the  space¬ 
craft  executed  a  slow  spinning-tumbling  motion.  In  thf-  sunlit  hemisphere 
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the  vehicle  attitude  could  be  determined  directly  from  the  solar  aspect 
seniors  carried  >n  the  spacecraft,.  In  the  nighttime  region  when  the 
nrj'iar  sensors  were  inoperative,  it  war  possible  to  extrapolate  the  space¬ 
craft  attitude  information  using  the  ntputr,  if  the  four  sensors  if  the  RPA 
and  the  magnetometer.  On  the  orbit  shown  in  Fi,^ire  r>  t.he  spacecraft  entered 
the  earth's  shadow  at  0007  UT  so  only  a  short  extrapolation  was  required. 

The  data  from  the  RPA  provided  an  accurate  measure  of  the  ambient 
thermal  plasma  when  the  velocity  vector  of  the  spacecraft  was  in  the 
acceptance  cone  of  anv  one  of  the  RPA  sens  >rs  (*  bO  with  respect  to  the 
symmetry  axis).  For  tne  period  of  time  under  discussion  in  this  paper  the; 
vehicle  orientation  was  most  favorable  for  ion  density  measurements,  with 
the  velocity  vector  neat  the  pitch-roll  plane  and  sweeping  through  the 
•tnreo  forward-looking  sensors.  The  results  of  the  ambient  thermal  ion 
density  measurements  are  shown  in  Figure  b. 

Twenty-second  averages  of  the  b-keV  <3*  measurements  from  Figure  }  arc 
also  plotted  on  Figure  b  for  comparison  with  the  thermal  ion  density.  The 
region  of  intense  0+  flux  i.  seen  to  correspond  to  the  region  of  a  steep 
ionospheric  density  gradient  at  tho  satellite  altitude.  This  is  suggestive 
of  the  possibility  of  an  acceleration  mechanism  related  to  th ;  gradient, 
operating  in  the  altitude  range  below  about  1000  km  where-  the  dominant 
ambient  ion  is  0+  [Taylor,  19733- 

SAR-arcs  are  commonly  observed  during  magnetic  storm,  when  the  energetic 
04  ions  have  been  found  to  be  most  intense.  They  have  been  shown  to  be 
located  near  the  plasmapause  [Carpenter,  1971;  Hoch  and  Smith,  1971;  '"happen 
e(,  Ml..  1'V,  1;  Ln  Valle  ami  F.llioU.  1^7?;  Nagy  el-  al  . .  l°7Pj  and  can  therefore 
l„.  1,1  lli/cd  t.o  I  irate  the  energetic  0*  ions  with  respect  to  this  important 
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raagneto  spheric  boundary.  On  the  night  of  March  23/2*+,  1969,  Lauche  [1971] 
has  reported  the  observation  of  a  SAR-arc  from  the  Granada  Observatory  in 
the  same  longitude  range  and  at  the  same  time  as  the  observations  shown  in 
Figure  3-  The  location  of  the  SAR-arc  with  respect  to  L  during  the  period 
00:00  to  00:15  is  shown  in  Figure  5  (Lauche,  private  commurn  -ation).  Note 
that  the  SAR-arc  position,  centered  about,  L  -  2.1,  is  associated  with  the 
observed  depression  in  ambient  ionospheric  density.  This  is  a  commonly 
observed  feature  [Norton  and  Findlay,  1969;  Nagy  et  al . ,  1972].  Hoch  Cl973J 
has  concluded  that  the  midpoint  of  the  SAR-arc  marks  the  equatorward  edge  of 
the  plasmapause  density  gradient.  This  would  imply  that  in  this  case  the  low 
latitude  limit  of  the  0+  fluxes  was  located  about  one  L  unit  poleward  of  this 
edge  of  the  plasmapause. 

Both  the  data  presented  in  this  paper  for  the  March  2b,  1969  storm  and 
the  data  for  the  December  17,  1971  storm  presented  by  Shelley  et  al.  [1972] 
show  that  the  directional  intensities  of  the  0+  fluxes  were  generally  com¬ 
parable  to  the  proton  fluxes  in  the  energy  range  of  the  measurements.  If 
the  equatorial  pitch-angle  distributions  and  spectrums  ure  the  same,  then 
the  total  magnet ospheric  populations  of  the  two  species  are  also  comparable 
at  these  times.  This  has  important  geophysical  implications.  For  example, 
since  the  energy  density  of  the  0+  fluxes  is  four  times  greater  than  for 
proton  fluxes  of  the  same  energies,  the  0+  may  dominate  the  ring  current 
at  these  times  and  the  total  D  _  inferred  from  measiirements  of  ring  current 

O  1 

positive  ions  with  electrostatic  analyzers  under  the  assumption  that  they 
are  protons  may  be  substantially  low.  On  the  other  hand,  since  the  0+  ions 
are  of  ionospheric  origin,  in  the  absence  of  strong  pitch-angle  scattering, 
they  may  exist  in  a  narrow  cone  at  the  equator  and  be  of  much  less  import¬ 
ance  to  the  stormtime  geomagnetic  field  depression. 


Since  the  0+  observations  have  been  made  at  a  single  angle  on  an 
oriented  and  a  slowly-tumbling  satellite,  no  pitch-angle  distribution  meas¬ 
urements  are  currently  available  to  investigate  this  important  question. 

Some  preliminary  guidance  can  be  obtained  at  this  time,  however,  by  i  con¬ 
sideration  of  the  published  results  from  the  ISIS-1  satellite  during  this 
same  March  24,  1969  storm.  Winningham,  cited  by  Kleckner  aid  Hoch  [l973] 
and  Hoch  et  a'L  [l97lj  has  reported  that  ISIS-]  crossed  tne  same  region  of 
invariant  latitude  at  a  local  time  of  1900  hours  at  about  the  same  universal 
time  as  the  measurements  reported  here.  The  ISIS-1  satellite  was  spinning 
so  i '1  provided  pitch-angle  distribution  information.  Also,  it  was  at  about 
3000  Von  altitude  at  the  time  of  interest,  so  the  data  cover  a  wider  range  of 
equatorial  pitch  angles  than  would  data  from  a  Icwer-altitude  satellite. 

The  soft  particle  spectrometer  experiment  of  Heikklla  et  al.  [l970j  provides 
data  in  the  same  energy  range  (up  to  10  keV)  as  the  measurements  reported 
here.  It  is  an  electrostatic  analyzer  and  so  does  not  identify  the  mass  of 
the  measured  particles.  Winningham  (op  cit.)  reported  isotropic  "protons" 

O 

of  about  0.1  erg/cm  -sec-sterad  at  L  values  between  3-0  and  5.2  extending 
poleward  from  the  vicinity  of  the  plasmapause.  As  seen  in  Figures  3  and  5r 
we  observe  positive  ion  fluxes  (H+  and  0+)  of  comparable  intensities  between 
L  =  3.2  and  6.0  extending  poleward  from  the  vicinity  of  the  plasmapause  (on 
the  basis  of  the  SAR-arc  observations).  The  lowest  latitude  fluxes  in  our 
observations  are  essentially  pure  0  ions  in  the  L  range  3*3  3 •  •  r  we 

assume  that  this  structure  persists  over  the  five-hour  local  time  differen¬ 
tial  between  the  two  observations,  then  we  would  infer  that  the  angular 
distribution  of  the  0+  ions  was  isotropic.  Prel  minary  analysis  of  the 
data  from  a  number  of  events  from  both  the  1971-089A  satellite  [j  jhnson 
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et  al. ,  1972]  and  the  1969-25B  satellite  [Sharp  et  al.,  19733  indicates 
that  the  0^  ions  are  observed  over  a  wide  local  time  range  and  usually 
extend  equatorward  of  the  protons  of  the  same  energies.  Thus,  there  is 
some  jusitifcation  for  the  above  assumption  and  some  significant  evidence 
for  the  isotropy  of  the  0+  fluxes  from  this  intercomparison. 

OTHER  EVENTS 

Koch  and  coworkers  have  published  the  locations  of  a  number  of  SAR- 
arcs  during  the  period  of  the  1X59-25B  experiment  [Koch  and  Smith,  1971; 
Kleckner  and  Hoch,  1973].  We  have  searched  our  data  for  cases  where  we 
observe  0+  fluxes  during  the  same  time  periods  in  order  to  obtain  addi- 

-f- 

tional  information  on  the  location  of  the  0  fluxes  with  respect  to  the 
plasmapause.  These  cases  are  summarized  in  Table  I.  Since  the  0+  fluxes 
were  always  located  poleward  of  the  corresponding  SAR-arc,  we  have  listed 
the  lowest  L  value  at  which  the  0+  fluxes  were  observed  above  background 
on  a  given  satellite  pass  Since  the  duty  -'ycl  o  for  acquiring  the 

satellite  data  was  relatively  low  (only  about  10  orbits  of  data,  of  minutes 
duration  each,  were  acquired  per  week),  we  found  that  in  general  no  simul¬ 
taneous  data,  or  data  at  the  relevant  longitude,  for  comparison  with  the 
SAR-arc s  were  available.  An  example  of  the  uncertainties  introduced  by 
such  a  lack  of  exact  coordination  can  be  seen  in  the  differences  in  posi¬ 
tion  of  the  SAR-arc  over  Granada  at  0000  UT  on  March  2h  (Figure  5)  and  over 
Richland  three  hours  later  (Table  I).  SAR-arcs  are  more  commonly  stable 
in  position  over  long  periods  of  time,  however,  and  often  extend  over  a 
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wide  range  nf  longitude  with  only  moderate  variation  in  L  L Roach  and  Roach, 
19^3],  so  it  is  felt  that  some  information  on  the  relative  location  of  ohe 

■4* 

0  fluxes  and  the  plasmapause  can  be  derived,  at  least  m  a  statistical 
basis,  even  when  the  coordinations  were  not  exact.  A  measure  f  uhe  rela¬ 
tive  closeness  of  the  coordination  in  each  case  is  provided  by  the  A  UT, 

A  LON  columns  in  Table  I  which  show  the  differences  in  these  quantities 
between  the  satellite  and  ground-based  observations.  The  last  cwiunn 

shows  the  difference  between  the  average  L  value  of  the  SAR-are  and  L. 

TUN ' 

One  sees  that  on  the  average  the  low  latitude  limit  of  the  04  fluxes  is 
located  about  one  L  unit  poleward  of  the  SAR-arcs  and  hence  is  inferred 
to  be  displaced  about  that  distance  from  the  high-density  (eqjatorward) 
edge  of  the  plasmapause  [lloch,  1973].  This  is  in  agreement  with  the  result 
from  the  pass  near  0  UT  on  March  2h  (Figure  9)  where  a  more  exact  set  of 
coordination  conditions  was  obtained. 

SUMMARY  AND  CONCLUSIONS 

The  location  of  the  energetic  0  fluxes  observed  during  a  satellite 
pass  on  March  2h,  1969  has  been  compared  with  simultaneous  on-board  meas¬ 
urements  of  other  energetic  particles  and  the  ambient  cold  plasma.  The 
most  intense  0+  fluxes  were  located  equatorward  of  the  high-latitude  bound¬ 
ary  of  locally  mirroring  energetic  electrons  and  overlapping  but  extending 
equatorward  of  proton  fluxes  of  the  came  enerf^y.  They  also  were  spatially 
overlapping  with  precipitating  fluxes  of  auroral  electrons  and  energetic 
outer  belt  protons.  They  were  located  at  the  position  d'  0  steep  density 
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gradient  in  the  ambient  plasma  in  the  altitude  range  where  0*  is  the  dominant 
ionospheric  constituent.  This  may  be  a  clu*1  to  their  origin. 

The  identification  of  the  particles  as  energetic  heavy  ions  by  the  mass 
spectrometer  experiment  has  been  confirmed  by  measurements  with  an  indepen¬ 
dent  instrument. 

A  comparison  with  measurements  from  the  ISIS-1  satellite  has  provided 
some  evidence  for  an  isotropic  angular  distribution  for  the  0+  ions  at  3000 
km  altitude  on  this  occasion. 

Comparisons  of  the  locations  of  the  0+  fluxes  on  seven  occasions  with 
SAR-arc  observations  acquired  during  the  same  magnetic  storms  has  indicated 
that  on  the  average  the  low-latitude  limit  of  the  0+  observations  was  about 
one  L  unit  poleward  of  the  SAR-arc.  It  is  inferred,  therefore,  that  they 
are  located  poleward  of  the  plasmapause  by  about  this  distance. 
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A  'chematic  drawing  ol‘  one  of  the  three  channels  of  the 
energetic  ion  mass  spectr  meter  (CXA). 

Mass-per-unit-charge  spent  rums  from  one  of  the  1971-089A 
spectrometers  (top  left)  and  from  the  three  L969-25B 
spectrometers.  The  19^9~2r>B  data  w^re  acquired  on  March  2h, 
1969.  The  expected  positions  of  the  various  mass  peaks  are 
indicated  by  arrows. 

Data  from  several  instruments  on  the  1969-25R  satellite 
during  a  traversal  of  r.he  northern  hemisphere  on  March  2h, 

1969. 


Energy  spectrum  of  0+  ions  during  the  indicated  period  on 
March  2'*,  1969-  The  circles  represent  data  from  the  CXA 
spectrometers  and  the  square  represents  data  from  the  CMP 
spectrometer. 

Data  from  CXA-3  (top  panel)  and  the  retarding  potential 
analyzer  (bottom  panel)  on  March  2^,  1969  during  the  same 
satellite  traversal  for  which  additional  data  are  illustrated 
in  Figure  3.  The  location  of  a  SAR-arc  measured  simultaneously 
from  the  observatory  in  Granada,  Spain  is  also  indicated  (H. 
Lauche,  private  communication). 


